Objective: To describe and evaluate a fully automated method for characterizing abdominal adipose tissue from magnetic resonance (MR) transverse body scans. Methods: Four MR pulse sequences were applied: SE, FLAIR, STIR, and FRFSE. On 39 subjects, each abdomen was traversed by 15 contiguous transaxial images. The total abdominal adipose tissue (TAAT) was calculated from thresholds obtained by slice histogram analysis. The same thresholds were also used in the manual volume calculation of TAAT, subcutaneous abdominal adipose tissue (SAAT) and visceral abdominal adipose tissue (VAAT). Image segmentation methods, including edge detection, mathematical morphology, and knowledge-based curve fitting, were used to automatically separate SAAT from VAAT in various 'nonstandard' cases such as those with heterogeneous magnetic fields and movement artefacts. Results: The percentage root mean squared errors of the method for SAAT and VAAT ranged from 1.0 to 2.7% for the four sequences. It took approximately 7 and 15 min to complete the 15-slice volume estimation of the three adipose tissue classes using automated and manual methods, respectively.
Introduction
Substantial evidence suggests that the volume and distribution of visceral abdominal adipose tissue (VAAT) plays a critical role in the pathogenesis of the metabolic syndrome. [1] [2] [3] [4] A high level of VAAT has been linked to cardiovascular and metabolic diseases, such as type 2 diabetes mellitus. 5 Subjects are considered to be at risk, even if they are not obese, if they have increased adipose tissue deposits in the abdominal area.
The accurate measurement of the volumes of VAAT and total abdominal adipose tissue (TAAT) is often critical in metabolism and obesity-related research and clinical applications. Methods of adipose tissue assessment have progressed significantly from simple anthropometric measurements, such as body mass index (BMI) and waist-to-hip ratio, to expensive high-technology measurements, such as computed tomography (CT) and magnetic resonance imaging (MRI), using single-and multiple-slice techniques. 6 The waist-to-hip ratio has significant correlation with the ratio of the area of intraabdominal fat to that of subcutaneous fat as determined by CT. However, it remains an indirect means for calculating intraabdominal adipose deposits. Sonography is a safe, inexpensive, and widely available imaging technique. However, its relatively inconsistent inter-and intraoperator reproducibilities are major shortcomings. 7, 8 Dual energy X-ray absorptiometry (DEXA) provides a relatively rapid and accurate assessment of total body fat with relatively low radiation exposure but does not directly quantify VAAT. [9] [10] [11] Whereas CT provides more accurate estimation of VAAT, subjects are exposed to ionizing radiation, which makes it unsuitable for large-scale research. 12, 13 With the advantages of noninvasiveness and excellent soft-tissue contrast by using different imaging parameters, MRI provides a method to measure adipose tissue safely and accurately. 8, 10, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 27 However, measuring the fat quantity and distribution in the abdomen by MRI is generally laborious. Two steps are required to identify the volume of VAAT. The first step is to separate fat from nonfat tissue. Thresholding on a histogram 8, [14] [15] [16] [17] 19, 25 is frequently used for this task and could be accomplished automatically with good agreement between automatically and manually set thresholds. 17, 19 The second step is to locate VAAT on MR image slices. It is often timeconsuming to delineate the region of interest (ROI) of VAAT because of the complex structure of the viscera. 26 Almost all the previous studies of this step have reported requiring more or less human interventions, which are either laborious or subject to technical problems 8, 10, [14] [15] [16] [17] 19, [24] [25] (Table 1) .
For example, Elbers et al. 15 measured visceral fat areas using an algorithmic seed-growing procedure. The neighboring pixels of this seed and their adjacent pixels that lay between a selected upper and lower signal intensity value were automatically included in the delineation of the fat area. However, both the seed points and the thresholds had to be defined manually. In Gronemeyer et al.'s study 17 in 2000, although the thresholds were automatically set, VAAT had to be manually removed for the calculation of the subcutaneous abdominal adipose tissue (SAAT) area. Poll et al.'s study 19 in 2002 took a similar approach, but the VAAT was separated by ROIs drawn manually. In this manuscript, we propose a fully automatic SAAT and VAAT separation method that allows abdominal fat distribution to be analyzed in a short time without any user intervention. Our method is accurate to within a few percent errors as compared with manual partition of subcutaneous and visceral abdominal fat distribution for nonobese to severely obese subjects. The method is very robust and can be applied to so-called 'nonstandard' cases, those with imaging artefacts and unusual anatomy, with four relatively arbitrarily chosen MR pulse sequences.
Methods

Subjects
In total, 39 subjects (29 women and 10 men, aged 19-55 years (mean ¼ 42), BMI 23.4-39.4 kg/m 2 (mean ¼ 29.0)) were enrolled and underwent abdominal MRI scans. The study was approved by the Institutional Human Subject Review Board of Wan Fang Hospital, Taipei, Taiwan. All subjects gave written informed consent before participating.
MRI protocols
All subjects were scanned in a supine position in a 1.5 T Horizon scanner (General Electric, Milwaukee, WI, USA) using a standard body coil. Four MR pulse sequences were applied: the conventional T1-weighted spin echo (SE) and three relatively arbitrarily chosen protocols for which the adipose tissue was the brightest among various body tissues (1) T1-weighted fluid attenuated inversion recovery (FLAIR), (2) short inversion time inversion recovery (STIR), and (3) T2-weighted fast recovery fast spin-echo (FRFSE)). The machine settings for the four protocols are listed in Table 2 . Subjects were asked to hold their breath while contiguous 10 mm axial slices were taken from 7.5 cm above to 7.5 cm below the umbilicus. Each display matrix was 512 Â 512 with a pixel size of 0.86 Â 0.86 mm. Most subjects were imaged on two occasions 1 month apart.
Automated image analysis
The data obtained from the MR imaging sequences were transferred to personal computers in DICOM (Digital Imaging and Communications in Medicine) format. The platform for automated analysis was a personal computer equipped with an Intel Pentium 4 CPU 2.40 GHz and 1G RAM running RedHat Linux 9. A software program was developed at our institute by Dr C-H Chen under the IDL 6.0 (available from Research Systems Inc., Boulder, CO, USA) Figure 1 . Each subprocedure corresponded to the formation of one of the body masks: TAAT mask, nonfat mask, visceral mask, and SAAT mask. The subprocedures are described below. They were performed slice by slice in multisliced MR images. After all the slices were processed, the volumes of different adipose tissues were obtained, as described in the Manual Image Analysis section.
Formation of TAAT mask. The initial threshold (body threshold) was empirically set at 20% higher than the average pixel value of an image slice. An approximate body mask was obtained by binarizing the image at that threshold. The mask was refined by a mathematical morphological operation 28 'open' to remove small dots outside the approximate body mask, and then 'close' was applied to fill in the gap inside the mask. The histogram of gray values covered by an approximate body mask typically showed two peaks belonging to adipose and nonadipose areas. The refined threshold (fat threshold) to separate the two tissues was calculated on the basis of the iterative clustering algorithm of Ridler and Calvard. 29 The same threshold was also used in manual segmentation on the corresponding slice as described in the previous section. Once the fat threshold was determined, the TAAT mask ( Figure 2a ) was simply obtained by binarizing the image covered by an approximate body mask at the threshold.
Formation of nonfat mask. Approximate body masks do not coincide accurately with body contours, and the outer edges of a TAAT mask that represent body surface curves are not always contiguous, for various reasons such as imaging artefacts and deep skin folds common in obese subjects, as shown in the Results section. In order to have a body mask that better defines the outermost body contour on an image slice, the outermost edge pixels of the TAAT mask were first identified and presented using polar coordinates. The distance coordinates were then fitted against their angle coordinates as a polynomial of degree 8. The central distance difference for each edge pixel was also calculated. Those edge pixels that had differences larger than half of the maximal difference and smaller than half of the minimal difference were replaced by the fitted ones. This operation is equivalent to a selective smoothing of the edge. A refined body mask was then obtained by 'shrinking' the approximate body mask according to the smoothed contiguous edge. A Euclidean distance map for the refined body mask was generated by the morphological distance transformation. 28 A 'core' nonfat mask was the collection of pixels that were in Four subprocedures would generate TAAT, nonfat, visceral, and SAAT masks. More details are described in the Automated Image Analysis section.
Automated large-scale assessment of abdominal fat T-H Liou et al the refined body mask, with a distance larger than 10, and not in the TAAT mask. To obtain the nonfat mask (Figure 2b ), conditional dilatation 28 was applied on the 'core' nonfat mask to get rid of small nonfat areas outside the visceral area.
Formation of visceral mask. For the visceral mask, two initial visceral masks were generated by different approaches on the basis of anatomical knowledge of the abdomen. We assumed that the anterior boundaries that ran along the inner and outer sides of the SAAT on an axial MR slice were simple smooth curves convex ventrally except for the umbilical discontinuity on some slices. The posterior half of the inner border of the SAAT consisted of three parts: central paraspinal and bilateral posterolateral flank parts. The central part was relatively smooth but could be convex, either slightly dorsally or ventrally, with a relatively large curvature. The posterolateral parts might not be very smooth and might be relatively sharply concave inward on some image slices. On the other slices, the curve was smoothly convex outward with possible s-shaped transition zones. The first initial visceral mask was obtained in a somewhat similar way to the generation of the refined body mask, only this time the edge pixels were fitted as an ellipse. Missing edges and inappropriate edge pixels were replaced by the fitted ones with exceptions according to the previously mentioned anatomical knowledge. The so-called inappropriate edge pixels were determined as two standard deviations outside the mean edge distance. Morphological 'open' and 'close', to remove small dots outside a nonfat mask and to fill in the gap inside, respectively, were the operations used to obtain the second initial visceral mask. The kernel size for the two operations was adjusted according to body size obtained in ellipse fitting. The two initial visceral masks were then combined to form the visceral mask (Figure 2c ) based on abdominal anatomy. In general, the abdominal side of the first initial visceral mask and most of the backside of the second initial visceral mask were taken into the visceral mask.
Formation of SAAT mask. The visceral mask obtained in the previous subprocedure was still an approximate mask. Parallel to the refining procedure, as described in the last two subsections, a Euclidean distance map and elliptical edge fitting were applied to refine the visceral mask. The collection of pixels in the refined visceral mask with distance larger than 32 and also in the nonfat mask made a core visceral mask. The SAAT mask (Figure 2d ) was obtained by first selecting the pixels that were in the TAAT mask but not in the VAAT edges or 'core' visceral mask. Then again, conditional dilatation was applied to get rid of unwanted small VAAT areas outside of the SAAT area.
For each image slice, the TAAT and SAAT areas were just the mask areas that bore the same names. The VAAT area equaled the SAAT area subtracted from the TAAT area.
Manual image analysis
The DICOM data from the MR imaging sequences were also manually analyzed with a public-domain image processing program written in Java (ImageJ, release version 1.30v, 3 July 2003). For each axial MR slice, a ROI that roughly enclosed the whole body part was manually drawn, as shown in Figure 3a . The separation of adipose and nonadipose areas inside the ROI was performed by thresholding. The thresholds were supplied manually according to the results obtained in subsection formation of TAAT Mask in the Automated Image Analysis section. When the adipose tissue had been defined (Figure 3b) , the TAAT area in mm 2 on each slice could be calculated by ImageJ (Figure 3d) . Another ROI was then drawn to include VAAT only (Figure 3c ) and the VAAT area was estimated accordingly (Figure 3d ). Like many other researchers listed in Table 1 , we did not edit further inside VAAT and SAAT. Therefore, high-intensity nonfat pixels arising from bone marrow and fatty intestinal contents belong to VAAT. The VAAT area was then subtracted from the TAAT area to obtain the area of SAAT for each axial slice. Once all the slice areas of the TAAT, VAAT, and SAAT were calculated, the volumes of these were obtained simply by the summation of the slice areas and change of units. The adipose tissue volumes were presented in milliliters. Three graduate students were trained and supervised by a physician to perform these tasks. Coefficients of variation, defined as the standard deviation of a distribution divided by its mean, were calculated for inter-and intrareproducibility. Automated large-scale assessment of abdominal fat T-H Liou et al
Algorithm evaluation
All the segmented results were visually inspected slice by slice by a physician to check the appropriateness of the automatic segmentation. The volumes of SAAT and VAAT measured by manual image analysis were treated as the true ones. They were compared with those obtained automatically. The accuracy of the proposed method was then evaluated by three errors: mean percentage error, root mean squared error (RMSE), and percentage root mean squared error (%RMSE), and Bland-Altman plots. 30 Note that letting the thresholds be the same in both manual and automated fat segmentation methods focuses the validation on the separation of SAAT and VAAT.
Results
It took approximately 7 min and 15 min to complete the 15-slice volume estimation of the three adipose tissue classes using automated and manual methods, respectively. The coefficients of variation for inter-and intrareproducibility of the manual technique are from 0.009 to 0.026 and from 0.006 to 0.022, respectively. Since the errors are about the same for both SAAT and VAAT, and SAATs are usually more than VAATs, the coefficients for manual evaluation of VAAT are usually larger than those for SAAT. The proposed method successfully overcame many difficulties encountered in automatically identifying SAAT and VAAT using MR images. They included, but not exhaustively, heterogeneous image gray level due to heterogeneous MR field, significant variety of the shape and size of VAAT and SAAT, either in the same subject or different subjects, respiratory motion artefacts, and reconstruction aliasing. Since some subjects missed some scans and/or sequences, there were 4290 images in total that were analyzed with both the manual and the proposed fully automatic methods. Example results of the automatic segmentation on different subjects with different MR pulse sequences are given in Figures  4 and 5 show that, even in normal conditions, the anatomical variety of subjects under consideration could be larger than one might think. However, in spite of different brightness of the adipose tissues, different thicknesses and shapes of SAAT and VAAT, the umbilical discontinuities that disrupted SAAT, and isolated low-signal areas inside SAAT, the proposed algorithm had performed the segmentation correctly. The segmentation results for the so-called unusual cases are depicted in Figures 6 and 7 . Although small segments of either VAAT or SAAT were erroneously assigned or not assigned, respectively, as SAAT, the proposed method handled conditions of unusual abdominal anatomies, imaging artefact caused by respiratory movements, and Table 3 for a side-by-side comparison. They are extremely close to those obtained by the automated method. The Pearson's correlation coefficients between the two methods ranged from 0.998 to 1.000 for different adipose tissue locations and MR pulse sequences. Percentage error was defined as the difference between the volumes obtained by the manual and automatic image analysis methods divided by the volume obtained by the manual one. They ranged, for SAAT of all subjects, from À3.2% (STIR) to 7.6% (FRFSE) with mean (7s.d.) for each MR pulse sequence À0.9% (70.5%) for FLAIR, -0.2% (71.4%) for SE, -0.7% (70.6%) for STIR, and 0.0% (71.1%) for FRFSE. For VAAT, they ranged from -13.1% (SE) to 10.2% (STIR) with mean (7s.d.) for each MR pulse sequence 2.1% (71.6%) for FLAIR, 0.7% (72.9%) for SE, 2.0% (72.1%) for STIR, and 0.1% (71.6%) for FRFSE. The positive and negative percentage errors canceled out so that the means were close to zero. For better assessment of the performance of the proposed algorithm, RMSE was used. It is defined as the square root of the average over the squared differences between the volumes obtained by the manual and automatic analysis methods. Its unit is ml. The %RMSE was calculated as RMSE divided by the corresponding mean volume obtained by the manual method. RMSEs of SAAT are 38.1 (FLAIR), 47.1 (SE), 38.7 (STIR), and 41.1 (FRFSE). Those of VAAT are 37.4 (FLAIR), 47.4 (SE), 39.5 (STIR), and 32.8 (FRFSE). Percentage RMSEs of SAAT are 1.0% (FLAIR), 1.2% (SE), 1.0% (STIR), and (b) Part of a 'halo' can be seen above the anterior abdomen, which was considered due to an imaging artefact caused by respiratory movements. The artefact not only blurred the true borders of the anterior SAAT and made the thickness of it uneven, but also created a false border that passed through it. (c) There is a large 'island' of SAAT completely separated from the main SAAT because of the deep thick folds of the skin and adipose tissues. In addition, for the same reason, the boundary contours of the SAATs have very sharp turns. (d) Small parts of the SAAT to the left were not included because of lower brightness caused by a heterogeneous magnetic field during MR imaging.
Figure 7
The same results of the automatic segmentation in 'unusual' cases as in Figure 6 . However, instead of SAAT, it is the VAATs that are enclosed by white contour lines.
Automated large-scale assessment of abdominal fat T-H Liou et al 1.1% (FRFSE). Those of VAAT are 2.1% (FLAIR), 2.7% (SE), 2.4% (STIR), and 1.7% (FRFSE). Figures 8 and 9 are BlandAltman plots for the comparison of VAATs estimated by manual and automated techniques. MR sequences STIR ( Figure 8 ) and SE ( Figure 9 ) were chosen because they are the two sequences with the largest RMSEs and %RMSEs. Note that in both Figures 8 and 9 the mean difference lines are almost horizontal. This implies that the performance of our algorithm does not change much with the size of VAAT.
For manual assessment, the volumes of the three adipose tissues obtained from the four MR pulse sequences were not statistically different. The F values of ANOVA 31 on the manual assessment of TAAT, SAAT, and VAAT for different pulse sequences were 0.48, 0.05, and 1.37, respectively, whith P-values of 0.70, 0.99, and 0.25. There were, again, no statistical differences in the squared errors of the proposed automatic assessment of SAAT and VAAT obtained from different pulse sequences. The F values were 0.32 (P ¼ 0.81) and 1.77 (P ¼ 0.15), respectively. However, for percentage errors, significant differences could be found for both SAAT and VAAT by single-factor ANOVA: F values were 14.54 and 13.77 for SAAT and VAAT, respectively (both Po0.001).
Further Tukey tests 32 revealed that, for percentage errors of both VAAT and SAAT, the four MR pulse sequences could be divided into two groups. Pulse sequences STIR and FLAIR were in one group (IR group), and SE and FRFSE (SE group) were in another. There were statistically significant differences in mean percentage errors between groups but not within each group. This can also be seen by comparison of Figures 8 and 9 . The mean difference line in Figure 9 (SE) is higher than that in Figure 8 (STIR). This implies that our technique tends to slightly but statistically significantly overestimate VAAT in T1 STIR compared with T1 SE. Automated large-scale assessment of abdominal fat T-H Liou et al
Discussion
Most of the previous studies have defined VAAT within a range from 5 cm below the lumbar spine (L4-5) to the image slice corresponding to the superior border of the liver. The dominant part of the VAAT would reside between the levels L2 and S1. Since determining spinal levels was not convenient in an ordinary clinical MR setting, we imaged VAAT by 15 contiguous slices, 7.5 cm above and below the umbilicus (L4-5) level, which covered approximately the L2-S2 levels. Although the amount of VAAT measured in this study was not the total VAAT volume, it should be close to and have high correlation with the total amount of VAAT. Another issue is that the small amount of intermuscular and paravertebral adipose tissues may influence the accuracy of the measurement of VAAT. However, it is still controversial whether such compartments of adipose tissue should be included in VAAT. As in many other studies, we included these adipose tissues in VAAT. Since the automated segmentation method we present is aimed at the analysis of large amounts of image data such as in epidemiological studies, the simplified adipose tissue classification and ignoring small numbers of high-intensity nonfat pixels could be justified. The fact that statistical tests did not show significant differences in the volumes of various adipose tissues obtained from different MR pulse sequences by manual image analysis supports our hypothesis that large-scale epidemiological studies related to the distribution of abdominal adipose tissues could be performed on MRI data not originally collected for assessing adipose tissues. Although Tukey tests show that the performance of the automated technique is statistically significantly different in SE and IR groups if evaluated by percentage error, this does not mean the SE group has less error than the IR group. Since there is no statistically significant difference in squared error between the two groups, our proposed fully automatic method worked equally precisely but not equally accurately for the two different pulse sequence groups. However, the results of the automated method were less biased when applied to sequences SE and FRFSE than to sequences FLAIR and STIR.
As shown in Table 1 , most previous studies of the assessment of abdominal adipose tissue were not really automatic. Recently, Positano et al. 33 proposed a method for unsupervised assessment of VAAT by MRI. The fuzzy c-mean approach and an active contour algorithm were applied to identify and estimate the volumes of VAAT and SAAT. Besides our proposed method, this is the only published method with full automation that we know of. However, they provided no discussion or description of how their algorithm could handle the 'nonstandard' cases with umbilical discontinuity, low-signal areas inside SAAT, and fragmented SAATs such as those in Figures 4-7 . Although it is possible, if appropriate parameters are set, for the active contour algorithm to separate VAAT from SAAT when there is no clear boundary between parts of the two components or to go around sharp turns, we suspect that it would be difficult to set the parameters for general conditions with significant anatomical and other variations. In addition, overestimation of SAAT and underestimation of VAAT were reported with percentage error means (7s.d.) of 6.4% (75.8%) and -7.9% (716.4%). Although the pulse sequences used in their and our studies were different, our proposed method seems to be more accurate and less biased. Some of our parameters, such as the initial thresholds in the formation of the TAAT mask, the degree of fitting a polynomial in the formation of the nonfat mask, the criteria for the distance between the visceral core and the visceral edge in the formation of SAAT mask, and the kernel size for 'open' and 'close' in the formation of various masks, were somewhat empirical. However, judging from the results and the number of images processed, they were quite robust and worked in many difficult cases. For further improvement of the current algorithm, normalization or standardization both for a heterogeneous magnetic field and anatomical variety should be considered. Knowledge-based gap filling and edge modification in the formation of several masks actually served as constraints in an active contour algorithm, but with more flexibility.
In conclusion, we have shown that the proposed automated analysis of visceral and subcutaneous abdominal fat volumes using axial MR images is sufficiently rapid, reliable, and accurate to be a surrogate measure to replace laborious manual measurement. This technique may serve as a methodological basis for many clinical and scientific applications, particularly those dealing with a large amount of data such as epidemiological studies.
